ABSTRACT
F
lat panel detectors in modern angiographic C-arm systems allow almost instant access to CT-like cranial imaging in the angiography suite. [1] [2] [3] [4] While flat panel detector CT (FPCT) is currently not reliable in depicting ischemic brain lesions, it proved to be a sensitive tool for the detection of intracranial hematomas in both experimental and clinical settings. 5, 6 However, there have been numerous reports of abnormal contrast enhancement following neurovascular interventions that frequently mimic subarachnoid, intraventricular, or intracerebral hemorrhage. [7] [8] [9] It is important to recognize such patterns of temporary blood-brain barrier disruption in postprocedural imaging because misinterpretation may unnecessarily delay anticoagulant/antiaggregant treatment.
In the present study, we aimed to assess the diagnostic accuracy of FPCT for the detection of intracranial bleeding immediately after endovascular stroke therapy and whether it was able to reliably differentiate hemorrhage from early blood-brain barrier disruption.
MATERIALS AND METHODS
The study was approved by our local ethics commission.
Subjects
Between May 2008 and December 2011, 100 endovascular stroke interventions had been performed in our institution. Postinterventional FPCT was not available in 16 patients. Another 11 patients were excluded from further assessment due to a lack of early conventional CT (CCT) follow-up as defined below. Finally, 73 patients were included in this retrospective study.
Acute Stroke Therapy
Acute stroke therapy consisted of endovascular intervention in all cases with 7 patients (10%) having received a "bridging" dose of recombinant tissue plasminogen activator intravenously in advance. Thirty-two patients (44%) were treated by stent-assisted thrombectomy; 14 patients (19%), by intra-arterial thrombolysis with urokinase; and 27 patients (37%), by a combination of both. The mean dose of urokinase administered intra-arterially in 41 patients was 600,000 (range, 150,000 -1,100,000) units. The technique of endovascular stroke treatment has been described elsewhere in the literature.
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Flat Panel CT Image Acquisition and Interpretation
Flat panel CT images were acquired on a biplane angiography system (DynaCT, Axiom Artis dBA; Siemens, Erlangen, Germany) in 64 patients with the following parameters: voltage, 95.5 kV; tube current, 206.5 mA; acquisition time, 12.5 ms per frame; projection on 30 ϫ 40 cm flat panel size; angulation, 0.4°per frame; total angle, 220°; exposure time, 20 seconds. In 9 patients, FPCT imaging was performed on a single-plane angiography system (XperCT, Allura Xper FD20 with Xtra Vision; Philips Healthcare, Best, the Netherlands) with the following parameters: voltage, 120 kV; tube current, 250 mA; frame speed, 30 frames per second; acquisition time, 5 ms per frame; total angle, 240°; exposure time, 20.8 seconds; FOV, 48 cm.
Flat panel CT images were assessed for the presence of subarachnoid hemorrhage, intracerebral bleeding (ICB), and BBB disruption by 2 readers (T.K., with 9 years of experience in radiology, Austrian board-certified radiologist, European board-certified neuroradiologist; M.H., with 7 years of experience in radiology, Austrian board-certified radiologist) separately, followed by consensus reading. Both readers were aware of which vessel had been occluded initially; however, they were blinded to further clinical data and conventional CT results. Pathologic intracerebral hyperattenuations were considered the result of BBB disruption if the borders of anatomic structures or vascular territories were clearly respected (Fig 1) . If this criterion was not applicable because of small size, the differentiation between BBB disruption and ICB was made at the discretion of the observer (Fig 2) . According to Fiorelli et al, 13 we divided hemorrhagic transformations of cerebral infarcts into 4 subtypes: hemorrhagic infarction type I, hemorrhagic infarction type II, parenchymal hematoma type I, and parenchymal hematoma type II. Subarachnoid hemorrhage was classified as suggested by Fisher et al. 14 The diagnostic quality of FPCT images was assessed by both readers in consensus (sufficient versus insufficient). Supratentorial image quality was considered good if a hemorrhage or BBB disruption could be detected or excluded with high confidence. With respect to typical FPCT artifacts in the posterior fossa, infratentorial image quality was considered sufficient if a parenchymal hematoma 13 and a subarachnoid hemorrhage Fisher type 3 or 4 could be detected or 
FIG 2.
Flat panel CT immediately after stent-assisted recanalization of a carotid bifurcation occlusion with intravenous thrombolytic bridging therapy in a 72-year-old male patient (admission modified Rankin Scale score, 4; stroke time to admission, Ͼ3 hours; recanalization-to-follow-up CCT, 14.7 hours). Focal hyperattenuation (arrow) of the right hippocampus is believed to be due to contrast enhancement attributable to disruption of the blood-brain barrier.
excluded with high confidence (Fig 3) . It was considered good if the readers were highly confident in detecting or excluding any hyperattenuation attributable to hemorrhage or BBB disruption.
Both readers performed maximum attenuation measurements in pathologically hyperattenuated regions with a predefined size of the region of interest (10 mm 2 ).
Conventional CT Image Acquisition and Interpretation
Conventional head CT imaging was performed on a 2 ϫ 32 detector row dual-source CT scanner (Somatom Definition; Siemens) on average 17.2 hours (mean, 17.5 hours; range, 0.6 -45.9 hours) after FPCT. Typically, a single noncontrast CT acquisition was obtained ranging from the vertex to the craniocervical junction at an angle parallel to the skull base. Data were acquired in a caudocranial direction with the following CT parameters: pitch factor, 0.55; collimation, 64 ϫ 0.6 mm; reconstructed section thickness, 4 mm; FOV, 220 mm; tube voltage and current, 120 kV and 300 mA; 64 sections per rotation at a rotation time of 1 second. Conventional CT, serving as the criterion standard for the detection and exclusion of intracranial hemorrhage, was evaluated by a single reader (K.A.H., with 26 years of experience, Austrian board-certified radiologist, European board-certified interventional radiologist). This radiologist was aware of which vessel had been occluded initially; however, he was blinded for further clinical data and FPCT results. Pathologic intracerebral hyperattenuation was thought due to BBB disruption if the borders of anatomic structures or vascular territories were clearly respected.
Statistics
In a first step, descriptive statistics were calculated. We used the McNemar test and statistics (GraphPad Prism software; GraphPad Software, San Diego, California) to compare FPCT with CCT for its ability to detect or exclude hemorrhage in general, SAH, ICB, and BBB disruption. The degree of agreement was assessed by sensitivity, specificity, positive and negative predictive values, and accuracy, including 95% confidence intervals (VassarStats; Vassar College, Poughkeepsie, New York). Interrater reliability was assessed by using statistics. After dividing FPCT hyperattenuation into SAH, ICB, and BBB disruptions, we used the median test to compare median values of maximum attenuation measurements in true-positive and false-positive regions. A value of P Ͻ .05 was considered significant. The data were analyzed by using GraphPad and VassarStats, which are freely available on-line software tools.
RESULTS
Patient Characteristics
Of 73 patients, 39 were women and 34 were men with a median age of 70 years (range, 31-85 years). The thromboembolic clot was located in the M1 segment of the middle cerebral artery in 35 patients, in the carotid bifurcation in 16 patients, in both the proximal internal carotid artery and middle cerebral artery in 4 patients, and in the basilar artery in 18 patients. Twenty-six patients were admitted to the emergency department with a modified Rankin Scale score of 4, and 47 patients, with a score of 5. In 38 patients (52%), the time interval from stroke onset to initial CT was below a threshold of 3 hours. It was above 3 hours in 9 cases (12%) and entirely uncertain in 26 patients (36%).
Image Quality
In the supratentorial compartment, FPCT image quality was considered sufficient in all cases (100%). Infratentorially, it was rated sufficient in 67 cases (92%) and insufficient in the remaining 6 (8%).
Intracranial Hemorrhage
Conventional CT revealed an intracranial hematoma in 12 of 73 patients (16%). Of these, 8 subjects had SAH, and ICB was found in 7 patients. In 3 cases, both SAH and ICB were reported in the diagnostic test of reference. The On-line Table gives an overview of the findings of both readers. When comparing FPCT with CCT, the difference in their ability to detect or exclude intracranial bleeding in the follow-up of endovascular stroke treatment was found to be not statistically significant (reader 1, P ϭ .30; reader 2, P ϭ .58). However, the degree of agreement proved to be only fair ( ϭ 0.36; 95% CI, 0.07-0.65) and moderate ( ϭ 0.41; 95% CI, 0.12-0.70), respectively. Consensus reading led to 7 true-positive, 52 true-negative, 9 false-positive, and 5 false-negative results. Consequently, FPCT reached sensitivity, specificity, positive and negative predictive values, and accuracy of 58% (range, 29%-84%), 85% (range, 73%-93%), 44% (range, 21%-69%), 91% (range, 80%-97%), and 81% (7 range, 0%-88%). For descriptive statistical data, see the Table .
Type of Hemorrhage
While CT could exclude SAH in 65 cases (Fisher score 1) following stroke intervention, 3 patients were assigned a score of 2, two were assigned a score of 3, and 3 were assigned the highest Fisher score of 4 (Fig 1) . Regarding hemorrhagic transformation of ischemic brain lesions, CT revealed hemorrhagic infarction type II in 4 patients. Parenchymal hematoma was found in 3 patients (1 type I and 2 type II), all of which showed a combination of ICB and SAH.
Blood-Brain Barrier Disruption
In 12 patients (16%), disruption of the BBB was found on CCT (Fig 1) . With moderate agreement between FPCT and CCT, the difference in their diagnostic ability to detect or exclude BBB disruption was shown to be significant (P ϭ .03) by 1 reader. The sensitivity, specificity, positive and negative predictive values, and accuracy for this feature were 75% (range, 43%-93%), 85% (range, 73%-93%), 50% (range, 27%-73%), 95% (range, 84%-99%), and 84% (range, 73%-90%). The inter-rater agreement was good for evaluating FPCT with respect to intracranial bleeding ( ϭ 0.76; 95% CI, 0.58 -0.94) and BBB disruption ( ϭ 0.68; 95% CI, 0.48 -0.87).
Attenuation Measurement
If one divided FPCT hyperattenuation into SAH, ICB, and BBB disruptions, the median values of maximum attenuation measurements in true-positive and false-positive regions were 159 versus 223 (n ϭ 6 versus 4; P ϭ .524), 375 versus 678 (n ϭ 2 versus 2; P ϭ .833), and 163 versus 114 (n ϭ 8 versus 6; P ϭ .103), respectively. A significant difference could not be found in any of the 3 subgroups.
DISCUSSION
Flat panel detector-based CT is known to be a very useful tool for the detection or exclusion of peri-interventional complications. 6 It provides cross-sectional images of the brain without the necessity of transferring patients from the angiography suite to a conventional CT facility. 4, 15 In a swine brain model, Arakawa et al 5 were able to detect intracranial hematomas with a hematocrit level of 20%. Symptomatic intracerebral hemorrhage still represents the most feared complication of treatment with intravenous tPA. While hemorrhagic infarction may be a clinically irrelevant epiphenomenon of ischemic damage and reperfusion, 16, 17 parenchymal hematoma was hypothesized to be related to the biologic effects of tPA and other pre-existing pathologic conditions associated with a worse outcome and higher mortality. 18, 19 Accordingly, the severity and duration of ischemia were found to be predictors of the type of hemorrhagic transformation, but not parenchymal hematoma type after IV thrombolysis. 20 In the present study, acute stroke therapy consisted of endovascular intervention in all patients. Instead of exclusive IV thrombolytic drug treatment, intra-arterial urokinase or the Solitaire FR thrombectomy system (Covidien, Irvine, California) were applied with or without IV rtPA bridging therapy. The Solitaire endovascular device has proved to be a valid tool in the treatment of acute ischemic stroke, providing effective and relatively safe arterial recanalization. 11, 12, 21, 22 In our study of FPCT after endovascular stroke treatmentwith IV bridging thrombolysis in 10%, intra-arterial thrombolysis in 56%, and mechanical thrombectomy in 81% of patients-an intracranial hematoma was present in 16% of all cases. While most ICB (5% of patients) was found to be a clinically less relevant hemorrhagic transformation, parenchymal hematoma was a rare incident (4%); however, it was combined with SAH in all 3 cases. 13 Subarachnoid hemorrhage was still found in 11% of patients. For the detection of intracranial bleeding by FPCT, the positive predictive value in our series of 73 patients was remarkably low (44%). In contrast to that, we were able to exclude hemorrhage in the interventional unit with a negative predictive value of 91%.
Inferior or, rarely, insufficient image quality in the posterior fossa was shown to be a drawback of FPCT, which may become relevant in macroembolic stroke of the posterior circulation. However, infratentorial blood was detected in only 2 patients in our series with peri-interventional extravasation during recanalization of 1 of their middle cerebral arteries, and it was combined with supratentorial hemorrhage in both cases.
Albeit in a small number of relevant cases, attenuation measurements did not seem to be useful for the differentiation of postinterventional hyperattenuation in FPCT.
Following diagnostic cerebral angiography and interventional procedures, immediate brain CT findings may reveal various patterns of abnormal contrast enhancement, with or without neurologic deficits. 8, 9, [23] [24] [25] Such findings, which are believed to result from some degree of BBB disruption or a change in vascular permeability, can mimic SAH, intraventricular hemorrhage, or socalled hyperintense acute reperfusion marker on fluid-attenuated inversion recovery MR imaging [25] [26] [27] and may cause unnecessary delay in anticoagulant/antiaggregant treatment. After apparently uneventful endovascular coiling of intracranial aneurysms, a sig- True-positive  7  7  2  2  6  6  8  10  True-negative  51  53  58  64  61  57  53  50  False-positive  10  8  8  2  4  8  8  11  False-negative  5  5  5  5  2  2  4  2 Note:-BBBD indicates blood-brain barrier disruption.
nificant relationship was reported between the occurrence of transient cortical hyperattenuation and the amount of contrast material used per kilogram of body weight, the microcatheter time, the number of balloon inflations, the total time of balloon inflation, BBB changes following temporary and permanent ischemia, SAH, more advanced patient age, spontaneous hypertension as a result of transient ischemia, and IV heparin. These previous findings may be transferred to transarterial stroke interventions with reservation. An inverse relation was reported between transient cortical hyperattenuation and the time elapsed until the CT was performed. 8 In this context, a time interval of, on average, 17.2 hours (range, 0.6 -45.9 hours) between FPCT and CCT must be considered for the interpretation of our results, with FPCT performed immediately postintervention. This latency period should be appropriate for intracranial hemorrhage to be confirmed by the criterion standard. On the other hand, it may be hypothesized that transient hyperattenuation due to BBB disruptions-as observed in 16% of CCT follow-up scans-may resolve earlier than bleeding-related hyperattenuation. With only moderate agreement between FPCT and CCT, a positive predictive value of not more than 50% contradicted a negative predictive value of 95%. Although BBB disruption was suspected in FPCT much more often than in CCT, it did not turn out to be hemorrhage in any case of our series. In the study published by Baik et al, 9 MR imaging did not reveal any corresponding abnormalities and the abnormal CT findings had partially or totally resolved on 24-hour follow-up CT scans. The breakdown of the BBB in the presence of iodine is known to be related to the osmolality and chemical structure of the contrast medium, the route of administration, and the speed of injection. 28, 29 Besides SAH, different types of abnormal hyperattenuation have been reported immediately after embolization of cerebral aneurysms, such as subarachnoid hyperattenuation, cortical hyperattenuation, and intraventricular and striatal contrast enhancement. 9, 15 This finding may be attributable to the fact that intravascular contrast media potentially passes the bloodbrain interface, the blood-CSF interface, and/or the brain-CSF interface. 30 Following recanalization of the middle cerebral artery, incomplete striatal hyperattenuation was the most common imaging pattern attributable to BBB disruption in our study. Potentially, a major limitation of this study is the latency between FPCT and CCT because early BBB disruption may be a precursor of symptomatic intracerebral hemorrhage. 23, 24 However, this progression has not been the case in any of our patients. While FPCT-the method under investigation-served as an instant postinterventional examination, there is a widely accepted recommendation for follow-up CCT, serving as the criterion standard, to be performed approximately 24 hours after acute stroke treatment. The dual-energy mode, which had been reported to be of great value in this context, was not applied during CCT acquisition. 31 Second, a few patients with stroke had to be excluded from this retrospective study due to missing FPCT scans or unacceptably long follow-up periods-both caused by individual situations in clinical routine. Third, our study is based on a relatively inhomogeneous population as far as the mode of acute stroke treatment is concerned with intra-arterial thrombolysis or mechanical thrombectomy being the mainstay of therapy. Finally, FPCT has considerable limited image quality below the tentorium. Even though playing a minor role in macroembolic stroke of the anterior circulation, limited image quality below the tentorium may potentially be relevant to patients after recanalization of the basilar artery. In our opinion, the qualitative image characteristics of both FPCT units were comparable for the objective of this study.
CONCLUSIONS
Severe bleeding complications seem to be rare after endovascular treatment of macroembolic stroke and may be associated with iatrogenic perforation of an intracranial artery. Flat panel CT in the immediate follow-up of endovascular stroke treatment was able to exclude intracranial hemorrhage with a high negative predictive value. Future studies should evaluate the predictive value of BBB disruptions in FPCT for the development of relevant hematomas. 
